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Due to the depletion of fossil fuel energy sources, new alternative energy sources are becoming prevalent in
our society. Biodiesel has been recognized as an attractive replacement for depleting energy sources since it is
produced mainly from vegetable oils and animal fats, is a renewable resource, and is non-toxic. The synthesis of
biodiesel involves heating a triglyceride with methanol (or ethanol) under strongly basic conditions. Since fossil
fuels are used for electrical energy in the United States, the amount of electricity required to heat this reaction
requires the use of non-renewable resources. An effective means for minimizing the amount of electricity needed
to drive chemical reactions to completion is proposed through the use of solar parabolic reflectors. In this study, a
technique was developed to incorporate recently proposed solar reflectors developed from satellite dishes into the
synthetic procedure for biodiesel. Through the use of our technique, the generation of carbon dioxide waste during
biodiesel production has been eliminated. Another area of environmental concern in biodiesel production is the
generation of waste by-products (glycerol). A technique has been developed that incorporates the use of recovered
biodiesel waste glycerol as the solvent system for Wolff-Kishner reduction reactions. The reduction of isobutyryl
chloride has been performed successfully using biodiesel waste glycerol as the solvent system and solar irradiation
as the heat source for the chemical reaction.
Keywords: Solar organic synthesis, Solar reflector, Biodiesel synthesis, Biofuel synthesis, Wolff-Kishner reduction,
Green chemistry, Solar energy, Reactions and methodsBackground
Approximately 300 million years ago, plants and animals
that were living in the ocean absorbed and stored energy
from the sun in their bodies as carbon. Once these ani-
mals died, their bodies sank to the ocean floor, where
they were covered with layers of sediment deposits,
which were heated and compacted until they became oil
[1]. Furthermore, the release of carbon dioxide through
the burning of fossil fuels has greatly contributed to the
period of global warming that Earth is currently under-
going [2]. To give an estimate of the amount of carbon
dioxide that is released through the burning of fossil
fuels, it has been reported that for every gallon of
gasoline that a car burns, 9.98 kilograms of carbon diox-
ide gas is released into the atmosphere [3].* Correspondence: dswart@tntech.edu
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reproduction in any medium, provided the oA solution to the problem of fossil fuel depletion is
the realization that people need to rely on new fuel
sources that are developed from replenishable sources.
An example of a renewable fuel source would be vege-
table oil. When vegetable oil is used as a fuel source,
crops that are used to produce the vegetable oil can be
regenerated in an endless cycle as long as people take
care of the land in which the crops are growing. There-
fore, since the raw material that the fuel is being pro-
duced from is replenishable, vegetable oil can be viewed
as a renewable fuel source whose supply will potentially
never run out.
Biodiesel is the methyl (or ethyl) ester of vegetable oil
and is a clean burning, diesel fuel replacement that is an
exact substitute for existing compression engines [4]. It
can be used in diesel engines as a pure fuel or as a
blended mixture with petroleum (in any percentage).
Aside from being produced from a renewable feedstock,
biodiesel also has other benefits such as a reduction ofan Open Access article distributed under the terms of the Creative Commons
org/licenses/by/4.0), which permits unrestricted use, distribution, and
riginal work is properly credited.
Table 2 Oil production averages for ten highest
oil-producing crops
Plant Latin name kg oil/hectare
Oil palm Elaeis guineensis 5000
Coconut Cocos nucifera 2260
Jatropha Jatropha curcas 1590
Rapeseed Brassica napus 1000
Peanut Arachis hypogaea 890
Sunflower Helianthus annuus 800
Safflower Carthamus tinctorius 655
Soybean Glycine max 375
Hemp Cannabis sativa 305
Corn Zea mays 145
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petroleum based diesel (Table 1) [5].
The oil needed to synthesize biodiesel can come from
various sources. Currently, there are over 350 different
species of oil-producing plants with the top oil-producing
plants averaging between 5,000 kg oil/hectare to 145 kg
oil/hectare (Table 2) [6]. Some of these plants have the
capability to be harvested more than once per year, in-
creasing their net oil output. Furthermore, the oil does
not have to be pure, unused oil. A study published by Nye
et al. was one of the first studies that was capable of dem-
onstrating that used frying oil can be converted to diesel
fuel with purity as good as unused oil samples [7].
Chemically, biodiesel is the alkyl esters that are synthe-
sized from a transesterification reaction on plant oils. This
reaction typically consists of a two-step, base catalyzed re-
action of the plant oil with an alcohol. In order to prepare
biodiesel, most procedures recommend that the vege-
table oil, alcohol, and base are vigorously mixed together
(through the use of magnetic or mechanical stirring) while
being heated to alcohol reflux temperatures [8].
However, using the outlined procedure, there are several
areas in which the chemical procedure needs improve-
ment to alleviate waste generation and reduce hazard
levels. Electricity is one area that needs improving since it
is needed for the synthetic procedure as it has currently
been outlined. In the United States, the majority of electri-
city used is generated from fossil fuels [9]. Furthermore,
there are approximately 1.3 billion people globally that live
without electricity that would not be able to synthetically
produce biodiesel as currently outlined [10]. Therefore,
in order to make the synthetic production of biodiesel
more sustainable, alternative heating sources must be
investigated.
The alcohols used in the transesterification reaction to
produce biodiesel typically include the use of methanol
or ethanol. Methanol is a sustainable reactant, as it comes
from the destructive distillation of wood; however, there
are several human health hazards affecting the central ner-
vous system that make methanol less favorable of a react-
ant. For instance, if methanol is ingested, a 10 mL sample
can cause the person to become permanently blind, while
a 30 mL sample can be potentially fatal [11]. Ethanol is
likewise a sustainable reactant source, as it is produced asTable 1 Comparison of CO2 emission in 2004 VW Jetta
Wagon using various engines/fuels
Fuel type City/Highway MPG CO2 Emissions (kg/year)
2 L Gasoline 23/30 7400
1.9 L PetroDiesel 32/43 5800
1.9 L 32/43 4900
20% BioDiesel
1.9 L 100% BioDiesel 32/43 1300a byproduct of the metabolic processing of yeast [12].
However, unlike methanol, ethanol is much less poisonous
to the central nervous system and is safe for human con-
sumption in moderation at diluted concentrations [13].
Therefore, if possible, the use of ethanol as the alcohol
reactant would enhance the safety of the synthetic process
of biodiesel.
Glycerol is produced as a by-product in the synthesis
of biodiesel. For every 3.8 liters of biodiesel produced,
476 grams of glycerol is produced [14]. Pure glycerol is
used to make hundreds of products ranging from sol-
vents and preservatives in the food industry to pharma-
ceutical/personal care products [6].
However, this crude glycerol contains any unreacted
alcohol, unreacted base, and trace amounts of water and
salts. In order to refine this crude glycerol into a product
that is useable according to industry standards, several
high energy requirement purification techniques must
be employed. For example in order to remove the unused
alcohol and water, the crude glycerol must be heated to
boiling. Furthermore, a high pressure/temperature distilla-
tion process is often required for industrial processing of
the crude glycerol [15].
In order to make this refinement process more sus-
tainable, attempts must be made to reduce the amount
of energy required to purify the recovered glycerol from
the production of biodiesel. Attempts must also be made
to develop chemical reaction techniques that could use
the refined glycerol.
The goal of this study is to synthesize biodiesel with-
out the use of any fossil fuels for electricity. A solar re-
flector heat source was developed and used to examine
its ability to synthesize biodiesel. This particular reaction
was chosen based on its current use in synthesis processes
used in industry, and because advancements in the reac-
tion are currently needed in order to incorporate more
sustainable techniques. For instance, the Amereco Biofuels
Corporation has pursued technologies to commercialize
Table 3 Comparison of percent yields for the biodiesel in
Solar vs. In-Lab study using same molar concentrations
Alcohol Scale (amount of vegetable oil) Percent yield
Methanol 60 mL 95.5%
600 mL 91.4%
Ethanol 60 mL 93.0%
600 mL 94.4%
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products and uses a similar technique in the synthesis of
biodiesel for their corporation [16].
To make the synthetic process greener, the electric
heat source is exchanged for reflected solar irradiation.
Also, methanol and ethanol have been used as the alco-
hol for the reaction in order to determine if there are
any differences between the use of either alcohol. The
recovered glycerol is purified using only solar irradiation
as a heating source (no fossil fuels or electricity are used
to purify the glycerol). Once recovered, the glycerol is
used as the solvent for Wolff-Kishner reduction reaction,
which is also heated to reflux using only solar irradi-
ation. Also, as a result of this work, a method of prepar-
ing biodiesel in a manner that is 100% electricity free
and generates very little waste will be demonstrated.Results and discussion
A solar reflector was designed through the repurposing
of unused satellite dishes into a reflective parabolic mirror
that will serve as the sole heat source to drive synthetic
chemical reactions to completion [17]. To transform the
satellite dishes into solar reflectors, the surface of the dish
was completely covered with Metalized Mylar® tape to at-
tain the reflective properties needed to generate heat. It
was discovered that the feed horn of the satellite dish is lo-
cated at the focal point. Therefore, the feed horn of the
dish was removed and reaction flasks were placed in this
position in order to achieve maximum intensity from the
directed sunlight.
In order to test the scalability of this procedure using
the solar reflector as the sole heat source, the reaction
was performed at various scales. The first scale of the re-
action that was used was a milimolar scale that could be
used for educational purposes. The second reaction used
was scaled up to be ten times the volume of the first
scale. The third reaction used was scaled to be 40 times
the volume of the first scale (now on the mole scale).
Upon obtaining data from the synthesis of biodiesel
using only solar irradiation as the heat source, it was
concluded that the solar heat source provided a reliable,
efficient alternative heating source that produced very
high product yields. Additionally, the biodiesel product
yields were similar to the yields that were obtained in an
in-lab study using the same molar rations (Table 3). The
statistically equal results for the solar and in-lab synthe-
sis suggests that the heat exchange process that is re-
quired for this synthetic procedure is equivalent between
both heating techniques. Furthermore, the large scale
biodiesel reaction (4000 mL round bottom flask) demon-
strated that this method of performing synthetic chem-
ical reactions is capable of being scaled to much larger
capacity reactions.This work demonstrates that the solar heat source that
has been developed can be used successfully during any
time of the year for the production of biodiesel. How-
ever, there are several factors that affect its efficiency. As
long as there is enough sun present to produce at least
approximately 400 W/m2 of solar irradiation, efficient
heating can be obtained in a reasonable amount of time
(Table 4). On days that are mostly cloudy, there typically
is not enough solar irradiation to produce enough en-
ergy to heat a chemical reaction. Occasionally, passing
clouds will provide loses in heat. However, it was discov-
ered that upon increasing the volume of the reaction to
the medium and large scale, the larger mass was capable
of retaining heat for a longer period of time and the ef-
fect of passing clouds was not a great on the large scale
reactions. Additionally, it was discovered that if the time
that it took the cloud to pass over the sun was less than
ten minutes, the solution continued to boil, even with-
out the full exposure to the directed solar irradiation.
Seasonal trends and outside ambient temperature also
seem to play little to no role in the technique that has
been developed (Table 4). Using the small scale methanol
biodiesel synthetic procedure as a template, we were cap-
able of attaining statistically equivalent biodiesel yields
during each of the four seasonal periods. Moreover, out-
side ambient temperature seemed to have no effect on
heating the reaction to reflux temperatures. The colder
temperatures in the spring/winter months provided the
added benefit of keeping the condenser cooler than in the
fall/summer months. By keeping the condenser cooler,
more of the excess methanol was able to be recovered, ra-
ther than have a portion of it be lost out of the condenser.
It should be noted that no electricity at all was used in
the synthesis or purification of the biodiesel or glycerol.
All heat supplied to synthesize biodiesel and distill metha-
nol/ethanol away from the recovered glycerol was gener-
ated through sunlight. Furthermore, it was successfully
demonstrated that high speed stirring via a magnetic stir
bar is not needed in this synthetic process. It was observed
that sufficient mixing is capable of being achieved through
reflux solvent mixing, accompanied with occasional, slight
rocking of the reflector dish to aide in the mixing process.
It appears that the use of ethanol over methanol also
has no effect on the amount of biodiesel produced. Simi-
lar biodiesel yields were obtained in each scaled reaction
Table 4 Seasonal variations
Spring (5/15/14) Summer (6/6/14) Fall (11/18/12) Winter (1/30/14)
Time to begin reflux (minutes) 10 2 4 4
Reflux temperature 76°C 74°C 75°C 75°C
Average outside temperature 12°C 25°C 23°C 1°C
Outside conditions Mostly cloudy Sunny Partly cloudy Partly cloudy
Average solar irradiation (W/m2) 378 905 635 642
Percent yield 92% 94% 90% 95%
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using ethanol over methanol was the observation that
slight excess of alcohol and base must be used when
ethanol is the reacting alcohol.
Through the use of a P4400 Kill A Watt® power meter
[18], the energy usage levels in kilowatt-hours (KWH)
for the synthesis of biodiesel and the purification of the
reaction by-product, glycerol was determined. It was de-
termined that the synthesis of biodiesel requires to be
heat to a temperature of approximately 75°C for a period
of one hour. This reaction used 0.357 KWH. Further-
more, it was determined that 0.178 KWH was used in
the purification of the glycerol by-product. Thus, the
total synthetic/purification procedure for a typical reac-
tion to synthesize biodiesel and purify the glycerol by-
product requires 0.535 KWH of energy.
Through the use of the greenhouse gas equivalencies
calculator [19] provided by the United States Environ-
mental Protection Agency, the 0.535 KWH of energy re-
quired to perform this process generates 0.369 kg of
carbon dioxide. Thus, through the use of our technique of
using directed solar irradiation as the sole heat source,
greenhouse gas emissions for this synthetic process and
thereby decreasing the carbon footprint of this reaction
are being eliminated.
Not only was biodiesel synthesized through the use of
only solar irradiation, but a new synthetic use for the by-
product of the reaction was discovered. Incorporation of
the by-product (glycerol) as the reaction solvent for
Wolff-Kishner reduction reactions is a significant step in
making Wolff-Kishner reductions more environmentally
friendly. In a previous study, it was demonstrated thatTable 5 Comparison of biodiesel yields using various
alcohols (Methanol vs. Ethanol)
In-lab Solar
Small scale (methanol) 93.8% 95.5%
Small scale (ethanol) 92.9% 91.4%
Medium scale (methanol) 94.7% 93.0%
Medium scale (ethanol) 91.5% 94.4%typical Wolff-Kishner solvent systems such as Ethylene
Glycol and Diethylene Glycol (which are toxic) could be
exchanged for the non-toxic Propylene Glycol [20]. By
exchanging the solvent system of the reaction to waste
glycerol that is generated through the production of bio-
diesel, this reaction has been performed under much
more environmentally favorable, and more sustainable
conditions. Using the same reaction conditions, product
yields for the Wollf-Kisher reduction reaction of isobu-
tyrophenone remains comparable no matter what solv-
ent system is being used (Table 6).
Also, through the purification process of glycerol, any
unused alcohol, which could be recycled and used in fu-
ture work, was recovered. Furthermore, during the gly-
cerol recovery process, we generate free fatty acids (FFA),
which can be used to synthesize more biodiesel. Addition-
ally, during this process, any unreacted sodium hydroxide
is converted to sodium chloride, which can be recovered
and reused. The FFA can undergo transesterification reac-
tions to generate biodiesel just as vegetable oil. During the
entire chemical procedure, the use of sodium sulfate to
dry the biodiesel is the only step in which a waste product
is generated that has no further purpose and is truly con-
sidered waste. Allowing the biodiesel to stand for a period
of time (several days) provides a means to remove the ma-
jority of the water from the biodiesel sample without hav-
ing to use the sodium sulfate drying agent. By allowing the
biodiesel to stand, the water will eventually separate from
the biodiesel and the solution will form two layers (water
and biodiesel). Thus, the water can be removed and a
fairly dry sample of biodiesel can be obtained without the
use of a drying agent.Table 6 Comparison of percent yields for the






Glycerol (from biodiesel synthesis) 70.0%
Figure 2 Close up view of painted flask. Round bottom flasks
were painted black half-way up the flask using VHT® Flame Proof
paint, which can withstand intermittent temperatures up to 1093°C.
The round bottom flasks were painted black in order to prevent
photochemical side reactions and to allow for a more efficient
heating process.
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All procedures were run in triplicate to obtain the re-
ported results.
Biodiesel synthesis general procedure
For reactions in which methanol was the alcohol used,
sodium methoxide was generated in a round bottom
flask by dissolving sodium hydroxide in methanol. For
reactions in which ethanol was the alcohol used, sodium
ethoxide was generated in a round bottom flask by dis-
solving sodium hydroxide in ethanol. It should be noted
that excess alcohol was added in case any of the alcohol
escaped during the reaction process. The sodium meth-
oxide (or sodium ethoxide) was mixed with soybean oil
in a 24/40 round bottom flask that had been painted
black using VHT® Flame Proof paint. The round bottom
flasks were 100 mL (small scale), 1000 mL (medium scale),
and 4000 mL (large scale). No stir-bar is placed into the
flask since the refluxing liquid was sufficient to thoroughly
mix the solutions. The flask was attached to the solar re-
flector in the position that the feed horn of the satellite
dish was located to provide the best location for the
directed focal point of sunlight (Figures 1, 2, and 3). A
modified Baum et al. Allign-type condenser, filled with
propylene glycol and capped with pipet bulbs to insure
that the propylene glycol stayed in the condenser, was
attached to the round bottom flask [21]. The solar heat
source was then moved into a position in which it was
reflecting sunlight onto the bottom of the round bot-
tom flask. The solution was allowed to heat at reflux
temperature (70°C for methanol; 83°C for ethanol) for
one hour. After the one hour of reflux, the solution was
moved out of the focal point and the solution wasFigure 1 Solar reflector set-up. A solar reflector was designed
through the repurposing of an unused satellite dishes into a
reflective parabolic mirror that will serve as the sole heat source to
drive synthetic chemical reactions to completion. Satellite dishes
were completely covered with Metalized Mylar® tape to attain the
reflective properties needed to generate heat.allowed to cool to ambient temperature. During this
time, two notable layers formed. The top layer was de-
termined to be biodiesel, while the bottom layer was
crude glycerol. The solutions were isolated using a
separatory funnel. The biodiesel layer was dried usingFigure 3 D.E.A.T.H dish set-up. Larger size dish to provide more
surface area to expand procedure to larger scaled reactions.
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purification process.Biodiesel synthesis (small scale – using methanol)
A solution of sodium methoxide was prepared by dis-
solving crushed sodium hydroxide pellets (13.2 mmol,
0.527 g) in 99.8% methanol (25.0 mL). The sodium hy-
droxide was dissolved in the methanol through gently
swirling the mixture in an Erlenmeyer flask for 180–300
seconds. Soybean oil (54.3 g, 60.0 mL) was combined
with the freshly prepared sodium methoxide solution in
a painted 250 mL round bottom flask and heat to reflux
(70°C) for one hour using solar irradiation as the heat
source. Biodiesel product (52.200 g, 95.5%) was collected
and dried using anhydrous sodium sulfate (0.513 g). 13C
NMR (ppm) (CDCl3): 174.1, 130.0, 129.9, 127.9, 51.2,
33.9, 31.8, 29.6, 29.5, 29.5, 29.3, 29.1, 29.0, 29.0, 27.1,
25.5, 24.8, 22.6, 22.5, 14.0, 13.9. GC: 16.184 min. MS (m/z):
55.0, 69.0, 73.9 (base peak), 86.9, 142.9, 170.9, 184.9,
198.9, 227.0, 241.1, 270.0 (m+ peak – palmitic acid me-
thyl ester). GC: 19.092 min. MS (m/z): 55.0, 66.9 (base
peak), 80.9, 95.0, 109.0, 120.9, 135.0, 149.0, 177.9, 262.0,
293.9 (m+ peak –methyl linoleate). GC: 19.208 min. MS
(m/z): 55.0, 66.9 (base peak), 80.9, 95.0, 109.0, 123.0,
135.0, 149.0, 164.8, 179.8, 206.9, 222.0, 264.0, 295.9 (m+
peak –methyl oleate). GC: 19.666 min. MS: 55.0, 66.9,
73.9 (base peak), 86.9, 142.9, 199.0, 241.0, 255.1, 281.0,
298.0 (m+ peak –methyl stearate).Biodiesel synthesis (small scale – using ethanol)
A solution of sodium ethoxide was prepared by dissolving
crushed sodium hydroxide pellets (15.2 mmol, 0.607 g) in
200 proof – absolute, anhydrous ethanol (40.0 mL). The
sodium hydroxide was dissolved in the ethanol through
gently swirling the mixture in an Erlenmeyer flask for
420–600 seconds. Soybean oil (52.7 g, 59.7 mL) was com-
bined with the freshly prepared sodium ethoxide solution
in a painted 250 mL round bottom flask and heat to reflux
(83°C) for one hour using solar irradiation as the heat
source. Biodiesel product (48.216 g, 91.4%) was collected
and dried using anhydrous sodium sulfate (0.518 g). 13C
NMR (ppm) (CDCl3): 173.8, 129.8, 127.9, 127.8, δ60.0,
δ34.2, 31.4, 29.6, 29.6, 29.5, 29.2, 29.1, 29.0, 27.1, 25.5,
24.8, 22.5, 14.1, 13.9. GC: 17.325 min. MS (m/z): 55.0,
73.0, 87.9 (base peak), 100.8, 114.8, 128.8, 142.9, 156.9,
170.9, 185.0, 198.8, 213.1, 227.1, 241.1, 284.0 (m+ peak –
palmitic acid ethyl ester). GC: 20.198 min. MS: 55.0, 66.9
(base peak), 80.9, 95.0, 109.0, 120.9, 135.0, 149.0, 163.9,
177.9, 262.1, 308.0 (m+ peak – ethyl linoleate). GC:
20.316 min. MS (m/z): 55.0 (base peak), 66.9, 80.9, 95.9,
123.0, 135.0, 151.0, 166.0, 180.0, 222.0, 246.1, 264.2, 310.1
(m+ peak –ethyl oleate). GC: 20.781 min. MS (m/z): 55.0,
61.0, 73.0, 87.8 (base peak), 100.8, 114.8, 128.9, 142.9,156.9, 171.0, 185.0, 199.0, 213.1, 227.1, 241.1, 255.1, 269.1,
283.0, 312.2 (m+ peak – ethyl stearate).
Biodiesel synthesis (medium scale – using methanol)
A solution of sodium methoxide was prepared by dis-
solving crushed sodium hydroxide pellets (125.4 mmol,
5.016 g) in 99.8% methanol (200.0 mL). The sodium hy-
droxide was dissolved in the methanol through gently
swirling the mixture in an Erlenmeyer flask for 180–300
seconds. Soybean oil (549.0 g, 600.0 mL) was combined
with the freshly prepared sodium methoxide solution in
a painted 1000 mL round bottom flask and heat to re-
flux (70°C) for one hour using solar irradiation as the
heat source. Biodiesel product (510.3 g, 93.0%) was col-
lected and dried using anhydrous sodium sulfate (5.023 g).
13C (ppm) (CDCl3): 174.1, 130.1, 129.9, 127.9, 51.2, 33.9,
δ31.872, 29.6, 29.4, 29.5, 29.31, 29.1, 29.0, 29.0, 27.1, 25.5,
24.7, 22.6, 22.5, 14.1, 13.9. GC: 16.209 min. MS (m/z):
55.0, 69.0, 73.9 (base peak), 87.0, 101.0, 128.9, 143.0,
171.0, 185.1, 199.1, 227.1, 241.1, 270.0 (m+ peak – palmitic
acid methyl ester). GC: 19.138 min. MS (m/z): 55. , 66.9
(base peak), 80.9, 95.0, 109.0, 123.0, 135.0, 149.0, 177.9,
261.9, 294.0 (m+ peak –methyl linoleate). GC: 19.224 min.
MS (m/z): 55.0, 66.9 (base peak), 80.9, 95.0, 109.0, 123.0,
135.0, 166.0, 221.0, 264.2, 296.0 (m+ peak –methyl oleate).
GC: 19.685 min. MS (m/z): 55.0, 66.9, 73.9 (base peak),
80.9, 87.0, 96.9, 143.0, 199.1, 213.1, 227.1, 241.1, 255.1,
282.8, 298.0 (m+ peak –methyl stearate).
Biodiesel synthesis (medium scale – using ethanol)
A solution of sodium ethoxide was prepared by dissolving
crushed sodium hydroxide pellets (141.8 mmol, 5.670 g)
in 200 proof – absolute, anhydrous ethanol (200.0 mL).
The sodium hydroxide was dissolved in the ethanol
through gently swirling the mixture in an Erlenmeyer
flask for 420–600 seconds. Soybean oil (548.0 g,
600.0 mL) was combined with the freshly prepared so-
dium ethoxide solution in a painted 1000 mL round
bottom flask and heat to reflux (83°C) for one hour
using solar irradiation as the heat source. Biodiesel
product (519.3 g, 94.4%) was collected and dried using
anhydrous sodium sulfate (5.002 g). 13C NMR (ppm)
(CDCl3): 173.8, 129.8, 127.9, 127.8, 60.1, 34.2, 31.5, 29.6,
29.6, 29.5, 29.2, 29.1, 29.0, 27.1, 25.4, 24.8, 22.4, 14.2,
13.3. GC: 17.334 min. MS (m/z): 55.0, 73.0, 87.9 (base
peak), 100.8, 114.9, 128.9, 143.0, 157.0, 171.0, 185.0,
198.8, 213.1, 227.1, 241.1, 284.0 (m+ peak – palmitic
acid ethyl ester). GC: 20.205 min. MS (m/z): 55.0, 66.9
(base peak), 80.9, 95.0, 109.0, 120.9, 134.9, 149.0, 164.0,
178.0, 262.1, 308.0 (m+ peak – ethyl linoleate). GC:
20.324 min. MS (m/z): 55.0 (base peak), 66.9, 81.0, 96.0,
123.1, 135.1, 166.0, 180.0, 222.1, 246.0, 264.2, 310.0 (m+
peak –ethyl oleate). GC: 20.831 min. MS (m/z): 55.0,
61.0, 73.1, 87.8 (base peak), 100.8, 114.8, 128.9, 142.9,
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283.0, 311.9 (m+ peak – ethyl stearate).Figure 4 Solar distillation set-up. Distillation set-up to purify
recovered glycerol.Biodiesel synthesis (large scale – using methanol)
A solution of sodium methoxide was prepared by dis-
solving crushed sodium hydroxide pellets (502.8 mmol,
20.111 g) in 99.8% methanol (700.0 mL). The sodium
hydroxide was dissolved in the methanol through gently
swirling the mixture in an Erlenmeyer flask for 300–600
seconds. Soybean oil (1882.9 g, 2400.0 mL) was com-
bined with the freshly prepared sodium methoxide solu-
tion in a painted 4000 mL round bottom flask and heat
to reflux (70°C) for one hour using solar irradiation as
the heat source. Biodiesel product (1734.2 g, 92.1%) was
collected and dried using anhydrous sodium sulfate
(50.107 g). 13C NMR (ppm) (CDCl3): 173.9, 129.8, 127.9,
127.8, 60.0, δ34.225, 31.4, 29.6, 29.6, 29.5, 29.2, 29.1,
29.0, 27.1, 25.5, 24.8, 22.5, 14.1, 13.9. GC: 16.201 min.
MS (m/z): 55.0, 69.0, 73.9 (base peak), 87.1, 101.0, 128.9,
143.0, 171.0, 185.1, 199.1, 227.1, 241.1, 270.0 (m+ peak –
palmitic acid methyl ester). GC: 19.134 min. MS (m/z):
55.0, 66.9 (base peak), 80.9, 95.0, 109.0, 123.0, 135.0,
149.0, 178.0, 262.0, 294.0 (m+ peak –methyl linoleate).
GC: 19.218 min. MS (m/z): 55.0, 66.9 (base peak), 80.9,
95.0, 109.0, 123.0. 135.0, 166.0, 221.0, 264.2, 296.0 (m+
peak –methyl oleate). GC: 19.687 min. MS (m/z): 55.0,
66.9, 73.9 (base peak), 80.9, 87.0, 96.9, 143.0, 199.1,
213.1, 227.1, 241.1, 255.1, 282.8, 298.0 (m+ peak –methyl
stearate).Crude glycerol purification general procedure
The crude glycerol obtained during the synthesis of bio-
diesel was purified by first adding concentrated HCl
until the solution reached a pH of 3–4. This caused the
solution to form two different layers. The top layer was
free fatty acids (FFA), which could be reused to generate
more biodiesel. The bottom layer was a mixture of gly-
cerol and excess alcohol that was used during the reac-
tion. In order to separate the glycerol from the alcohol,
a simple distillation was performed using the solar re-
flector heat source as the sole heat source for the
process. The crude glycerol was placed into a round
bottom flask that had been painted black using VHT®
Flame Proof paint and was attached to the simple distil-
lation set-up (Figure 4). The solar heat source was
moved into a position in which it was reflecting sunlight
onto the bottom of the round bottom flask. The solu-
tion was allowed to heat to a temperature of 100°C in
order to distill off any unreacted alcohol and water from
the crude glycerol product. Once distillation ceased,
pure glycerol had been isolated and unused alcohol had
been recycled for future use.Purification of recovered glycerol (small scale – using
methanol)
The waste glycerol layer (15 mL) from the biodiesel syn-
thesis was made acidic (pH = 3–4) by adding conc. HCl.
Once acidic, the glycerol/methanol layer was isolated.
The crude, recovered glycerol (10 mL) was then made
slightly basic (pH = 6–7) by adding a small amount of
KOH and mixed with decolorizing charcoal. The result-
ing solution was then filtered into a painted round bot-
tom flask and attached to a simple distillation set-up
using the solar reflector heat source. Methanol (7 mL)
was distilled away from the glycerol solution by heating
the solution to 100°C using solar irradiation. Recovered,
pure glycerol (3 mL, 4.094 g) remained in the round bot-
tom flask. 1H NMR (DMSO-d6): δ4.522 (s, 1H), δ3.4587-
3.325. 13C NMR (DMSO-d6): δ72.58, δ63.13.Purification of recovered glycerol (small scale – using
ethanol)
The waste glycerol layer (25 mL) from the biodiesel
synthesis was made acidic (pH = 3–4) by adding conc.
HCl. Once acidic, the glycerol/ethanol layer was iso-
lated. The crude, recovered glycerol (15 mL) was then
made slightly basic (pH = 6–7) by adding a small
amount of KOH and mixed with decolorizing charcoal.
The resulting solution was then filtered into a painted
round bottom flask and attached to a simple distillation
set-up using the solar reflector heat source. Ethanol
(17 mL) was distilled away from the glycerol solution
by heating the solution to 100°C using solar irradiation.
Recovered, pure glycerol (3 mL, 4.127 g) remained in
the round bottom flask. 1H NMR (ppm) (DMSO-d6):
4.512 (s, 1H), 3.4497-3.315. 13C NMR (ppm) (DMSO-
d6): 72.3, 63.1.
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methanol)
The waste glycerol layer (195 mL) from the biodiesel
synthesis was made acidic (pH = 3–4) by adding conc.
HCl. Once acidic, the glycerol/methanol layer was iso-
lated. The crude, recovered glycerol (84 mL) was then
made slightly basic (pH = 6–7) by adding a small
amount of KOH and mixed with decolorizing charcoal.
The resulting solution was then filtered into a painted
round bottom flask and attached to a simple distillation
set-up using the solar reflector heat source. Methanol
(50 mL) was distilled away from the glycerol solution by
heating the solution to 100°C using solar irradiation. Re-
covered, pure glycerol (34 mL, 42.9 g) remained in the
round bottom flask. 1H NMR (ppm) (DMSO-d6): 4.512
(s, 1H), 3.4667-3.305. 13C NMR (ppm) (DMSO-d6): 72.3,
63.0.Purification of recovered glycerol (medium scale – using
ethanol)
The waste glycerol layer (200 mL) from the biodiesel
synthesis was made acidic (pH = 3–4) by adding conc.
HCl. Once acidic, the glycerol/ethanol layer was isolated.
The crude, recovered glycerol (86 mL) was then made
slightly basic (pH = 6–7) by adding a small amount of
KOH and mixed with decolorizing charcoal. The result-
ing solution was then filtered into a painted round bot-
tom flask and attached to a simple distillation set-up
using the solar reflector heat source. Ethanol (57 mL)
was distilled away from the glycerol solution by heating
the solution to 100°C using solar irradiation. Recovered,
pure glycerol (29 mL, 36.5 g) remained in the round bot-
tom flask. 1H NMR (ppm) (DMSO-d6): 4.574 (s, 1H),
3.444-3.301. 13C NMR (ppm) (DMSO-d6): 72.7, 63.5.Purification of recovered glycerol (large scale – using
methanol)
The waste glycerol layer (700 mL) from the biodiesel
synthesis was made acidic (pH = 3–4) by adding conc.
HCl. Once acidic, the glycerol/methanol layer was iso-
lated. The crude, recovered glycerol (300 mL) was then
made slightly basic (pH = 6–7) by adding a small
amount of KOH and mixed with decolorizing charcoal.
The resulting solution was then filtered into a painted
round bottom flask and attached to a simple distillation
set-up using the solar reflector heat source. Methanol
(175 mL) was distilled away from the glycerol solution
by heating the solution to 100°C using solar irradiation.
Recovered, pure glycerol (125 mL, 157.6 g) remained in
the round bottom flask. 1H NMR (ppm) (DMSO-d6):
4.520 (s, 1H), 3.459-3.315. 13C NMR (ppm) (DMSO-d6):
72.6, 63.2.Wolff-Kishner reduction general procedure
The following conditions are based on a modified version
of the Huang-Minlon Wolff-Kishner reduction reaction
[18]. A solution of recovered biodiesel glycerol and KOH
was placed into a 100 mL 24/40 round bottom flask that
had been painted black using VHT® Flame Proof paint. No
stir-bar is placed into the flask since the refluxing liquid
was sufficient to thoroughly mix the solutions. The flask
was attached to the solar reflector in the position that the
feed horn of the satellite dish was located to provide the
best location for the directed focal point of sunlight. A
modified Baum et al. Allign-type condenser was filled with
propylene glycol and capped with pipet bulbs to insure
that the propylene glycol stayed in the condenser [19].
The solar heat source was then moved into a position in
which it was reflecting sunlight such that the sunlight was
directed at the bottom of the round bottom flask. The so-
lution was allowed to heat until the KOH dissolved into
the solution. Once the KOH was dissolved the apparatus
was moved out of the focal point and the solution was
allowed to cool until it reached a temperature of 80°C.
After the solution had cooled, isobutyrophenone and hy-
drazine hydrate was added to the reaction flask and the
solar reflector was moved back into position in which the
focal point was directed at the bottom of the round bot-
tom flask. Reflux was initiated for a period of three hours.
After acid work-up, glycerol went into the water phase
and the reduction product was separated and purified
through vacuum distillation.
Wolff-Kishner reduction of isobutyrophenone
A solution of glycerol (342.3 mmol, 31.523 g, 25.0 mL)
and KOH (76.4 mmol, 4.285 g) was heated to make the
basic solvent solution needed for the reaction. After
the solution had cooled, isobutyrophenone (21.7 mmol,
3.215 g) and hydrazine hydrate (96.3 mmol, 3.00 mL,
3.087 g) was added and the solar reflector was moved
back into position in which the focal point was directed
at the bottom of the round bottom flask. Reflux was ini-
tiated for a period of three hour at a temperature of
149-155°C. After acid work-up, pure isobutyl benzene
(15.0 mmol, 2.019 g, 70.0%) was collected through vac-
uum distillation at 4 inHg at a temperature range of 105-
110°C. 1H NMR (ppm) (CDCl3): 7.33-7.19, 2.53 (d, J =
6.9 Hz, 2H), 1.87 (n, J = 6.8 Hz, 1H), 0.96 (d, J = 6.6 Hz,
6H). 13C NMR (ppm) (CDCl3): 141.7, 129.1, 128.1, 125.6,
45.5, 30.2, 22.4. GC: 5.14 min. MS (m/z): 50.1, 65.0, 77.0,
91.0 (base peak), 103.1, 115.3, 134.0 (m+ peak).
Conclusion
This work has demonstrated that the solar heat source
that was modified from the previous publication can be
used successfully in the place of an electric heating source.
Using the current set-up which employs the use of an HD
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(89 cm × 99 cm), a technique was successfully developed
to use solar energy to provide enough thermal heat to
perform transesterification reactions to produce bio-
diesel on the millimolar and molar scale. Furthermore,
it appears that outside ambient temperature does not
affect whether or not the dish is capable of being used
in a chemical reaction. As long as there is enough sun-
light to produce at least 400–450 W/m2 of solar irradi-
ation, this set-up will provide enough energy to perform
most chemical operations.
In this study, biodiesel was successfully synthesized in
a cradle to grave manner in which there was no waste
generated (both through chemical use and electricity
use). During the synthetic process, no waste was gener-
ated as any unreacted alcohol was recovered, recovered
FFA was used to generate more biodiesel, and waste gly-
cerol was recovered and purified to use in other pro-
cesses. Furthermore, no electrical waste was generated
because all thermal energy was supplied through sun-
light. As a side benefit, a method of incorporating the
waste glycerol from the synthesis of biodiesel into an-
other synthetic process was developed.
It is believed that modifications that have been made
to the solar reflector heat source since the last publica-
tion have aided in the sustainability of the reflector as a
valid replacement for electric heat sources. By enhancing
the size of the dish, the potential power of the dish from
the previous publication has been significantly increased.
As a direct effect, nearly 2.5 liters of biodiesel was syn-
thesized in slightly less than one hour of heating. By
using the solar reflector heat source, no electrical waste
is being generated since the only energy being used is
the energy from the sun, which is a renewable source.
In the future, plans are being developed to continue
attempting to extend the efficiency of this reflector as a
heat source. One area that is still uncertain, especially
concerning the newly devised 81 cm × 55 cm solar re-
flector, is what size of a reaction could be performed
using this set-up. Using the much larger 89 cm × 99 cm
dish, investigations involving the scalability of the set-up
in order to see if it could be incorporated into certain
aspects of industrial reactions could be conducted. Cur-
rently investigations involving various techniques that
could be employed during the purification step of the
Wolff-Kishner reduction reaction are being studied. This
is the only process in this publication that was required
to use electricity (vacuum distillation). Attempts are be-
ing made to remove the consumption of energy during
this step. Other well know chemical reactions are also
being investigated using the solar reflector as the sole
heat source, as well as multi-step synthetic reactions that
are used to synthesize commercial products of great im-
portance to the general public. The results of using oursolar reflector in other organic synthesis reactions, and
its further development will be released in future publi-
cations [22].
Methods
Development of the solar heat source
The same design for the solar reflector was used as the
reflector in our previous publication [17]. However, the
heating block heat sink was removed. To use the re-
flector without the aluminum heating block as a heat
sink, round bottom flasks were painted black up to ap-
proximately half-way up the flask using VHT® Flame
Proof paint, which can withstand intermittent tempera-
tures up to 1093°C (Figures 1 and 2). The round bottom
flasks were painted to prevent photochemical side reac-
tions and allow for a more efficient heating process.
To perform the reactions in this study, two different
solar reflectors were incorporated into the reaction pro-
cedure. For the first two scaled reactions (millimolar), a
solar reflector was used that was developed out of an
81 cm × 55 cm satellite dish (Figure 1). For the reaction
that incorporated a molar scale reaction, a 89 cm ×
99 cm satellite dish, commonly referred to as the D.E.A.
T.H. (Directed Energy Amplified Thermal Heating) dish,
was used (Figure 3). The reason for the change in solar
reflectors was to provide a larger surface area, which in
turn would provide more energy to thoroughly heat the
much larger mole scale reaction.
Experimental methods
NMR spectra were obtained using a Varian Mercury
VX-300 Multi-Nuclear FT-NMR Spectrometer operating
at 300 MHz. Chemical shifts for each peak in the spectra
were measured in parts per million (ppm) relative to tetra-
methylsilane (TMS). Biodiesel and Wolff-Kishner prod-
ucts were analyzed in deuterated chloroform (CDCl3),
while purified glycerol was analyzed in deuterated di-
methyl sulfoxide (DMSO-d6). As verification, the spectral
database for organic compounds states that glycerol should
have a 1H NMR spectrum with ppm chemical shifts of
4.48, 3.448, 3.382, and 3.310 and a 13C NMR spectrum
with ppm chemical shifts of 72.37 and 63.05 [23].
A Varian CP-3800 Gas Chromatograph was used with
a Varian Saturn 2200 GC/MS/MS detector and a Varian
VF-5MS 30MX0.25 mm ID DF = 0.25 column (Catalog
No. CP8944) and CombiPAL auto sampler were used to
obtain the GC/MS spectra. A 1:1000 dilution of sample
in 2-propanol was found to be the best concentration of the
samples. Also, in order to avoid the appearance of nitrogen,
oxygen, and water vapor in the spectra, the mass detector
was set to detect only ions with a mass over 40 m/z.
The type of oil that was incorporated into the biodiesel
synthesis procedure for this project was soybean oil. Soy-
bean oil consists of Linoleic Acid (54%, poly unsaturated),
Table 7 Soybean esters molecular weights
Acid Ester Molecular weight (g/mol)
Linoleic Methyl linoleate 294
Linoleic Ethyl linoleate 308
α-Linoleic α-Linoleic acid methyl ester 294
α-Linoleic α-Linoleic acid ethyl ester 308
Oleic Methyl oleate 296
Oleic Ethyl oleate 310
Palmitic Palmitic acid methyl ester 270
Palmitic Palmitic acid ethyl ester 284
Steric Methyl stearate 298
Steric Ethyl stearate 312
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mono unsaturated), Palmitic Acid (11%, saturated), and
Steric Acid (4%, saturated). After undergoing the transes-
terification reaction to produce biodiesel, these acids will
be present as either methyl- or ethyl- esters. The molecu-
lar weight of these esters can be used as an identification
tool through the use of GC/MS (Table 7).
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